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Abstract

In dieser Arbeit wird der simulierte W+jets Untergrund der Suche nach X — SH/HH —
bbV V* mit einem Lepton im Endzustand untersucht. Dazu wird dieser mit Daten in der
Validierungs- und W+jets Kontrollregion verglichen. Es wurde beobachtet, dass fiir ver-
schiedene Variablen der simulierte W+jets Untergrund grofle Abweichungen zu den Daten
besitzt. Um diese Abweichungen zu minimieren und die Modellierung zu verbessern, wer-
den Gewichte auf die W+jets Untergrund Events angewandt. Diese Gewichte stammen
von der W+jets Verteilung von anderen Variablen in der W+jets Kontrollregion. Die
wichtigste Variable in dieser Arbeit ist die Masse miﬂgéf , die die groBite Abweichung des
W +jets Hintergrunds von den Daten aufweist. Die Modellierung verbessert sich durch
die Gewichte, welche aus der Verteilung des transversalen Impulses pf=% des H — bb

Kandidaten abgeleitet werden.

Stichworter: Higgs Boson, Standardmodell, resonante Higgs-Boson-Paarproduktion,
W +jets Untergrund, SHERPA

Abstract

This thesis studies the simulated W+jets background in the search for X — SH/HH —
bbV'V* with one lepton in the final state. It is compared to data in the validation region
and W+jets control region. A disagreement between the W+jets background and data
is observed for various variables. To improve the modelling of the W-+jets background,
weights are applied to the W+jets background events. These weights are obtained from
distributions of different variables in the W +jets control region. In this thesis, the most
important variable is the visible+met mass mfﬂﬁj . It exhibits the biggest disagree-
ment between Wjets background and data. The modelling improves when applying
weights obtained from the distribution of the transverse momentum p—% of the H — bb

candidate.

Keywords: Higgs boson, Standard Model, resonant Higgs boson pair production,
W +jets background, SHERPA
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1. Introduction

For centuries, physicists have strived to discover the laws of nature. With the Standard
Model (SM) of particle physics [1H4], they have managed to provide a solid explanation
for the mechanisms of the elementary particles, the building blocks of the universe. The
SM describes all the elementary particles known to date and summarizes their properties
and interactions into a unified theory.

The latest achievement of the SM was the discovery of the Higgs boson in 2012 at the
Large Hadron Collider (LHC) [5] and its two biggest detectors ATLAS [6] and CMs [7] at
CERN, after it was theoretically predicted by Higgs [§] and Englert and Brout [9] in the
1960’s. This provided experimental evidence to the corresponding Higgs field and masses
of elementary particles which result from the particles coupling to the Higgs field and is
a key prediction of the SM.

Since then many tests have been performed on the Higgs boson, confirming its SM-like
nature. The final test, verifying the Higgs potential, remains open. This can be done by
measuring the Higgs boson pair production cross section.

The SM, while correctly making many precise predictions, also has some shortcomings.
One of the open questions is the matter-antimatter asymmetry in the universe [10] that
has been observed. After the Big-Bang, an equal amount of matter and antimatter should
have been created but almost everything that is observable to this day consist of matter.
The SM does not give an explanation to this imbalance and therefore, it is necessary to
test advanced theories beyond the SM which could give an answer to this fundamental
question.

In principle, a pair of Higgs bosons can also be produced from the decay of a massive
boson that is predicted by theories beyond the Standard Model. To conduct searches for
such particles, it is crucial to understand the background processes and their modelling
to distinguish them from signal events. In this thesis, the focus is set on the W+jets
background as one major background in the boosted X — SH/HH — bbWWW* search
with 1 lepton in the final state.

The thesis is structured as follows: Chapter 2| outlines the theoretical foundation of

particle physics including the Higgs boson pair production. In Chapter [3| the Large
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Hadron Collider (LHC) and the ATLAS detector with its components are described in
detail. This is followed by Chapter [ where the analysis steps for the boosted decay
channel X — SH/HH — bW W* with 1 lepton in the final state are explained. Chapter
discusses into the background modelling in the W+jets Control Region (CR) and how
to improve it, while Chapter [6] gives an insight into the background modelling in the
Validation Region (VR) of the analysis. The thesis is closed by a conclusion and outlook
in Chapter [7]



2. The Standard Model of Particle
Physics

This chapter gives a short introduction to the theory of the Standard Model of particle
physics (SM). It describes the elementary particles and their fundamental interactions
with each other. The four fundamental forces in physics are the strong, weak, electro-
magnetic and gravitational force, but the latter is not described by the SM due to the

weakness of this force between the elementary particles.

2.1. Elementary particles and their interactions

The SM classifies the elementary particles into two parts: the fermions as matter particles
and the bosons as mediators of the fundamental interactions. Fermions have a spin of 1/2
(in units of the reduced Planck constant %) and bosons are spin-1 particles. The Higgs
boson is a scalar (spin-0) boson.

The fermions consist of six leptons that are divided into three families which can be seen
in Table[2.1] Each lepton family consists of a charged lepton and its neutrino partner. Six
quarks make up the other half of the fermions that can also be seen in Table 2.1 They
are also divided into three generations. The electron e™, muon p~ and tau 7~ lepton all
have an electric charge of () = —1 (in units of the electric charge e), while the neutrinos
Ve, v, and v, do not carry electric charge. The up-, charm- and top-quark have an electric
charge of Q = +2/3, the other three quarks possess an electric charge of () = —1/3.
Every particle has an antiparticle with the same properties but with an opposite electric
charge.

As mentioned before, the gauge bosons are the mediators of interactions. Particles that
carry the charge of the corresponding force can interact via that force. The three forces
that are described by the SM have their own mediator(s) resulting in five gauge bosons:
the photon ~, the gluon g, the W+ and W~ boson and the Z boson. The sixth boson in
the SM, the Higgs boson H, is not a gauge boson.

The massless and electrically neutral photon as the mediator of the electromagnetic
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Fermions Bosons
up (u) | charm (c) top (t) vy
k
Quarks down (d) | strange (s) | bottom (b) g
Ve vy v, W+
Leptons = e — 70
H

Table 2.1.: The Standard Model of particle physics [11].

force couples to fermions with electric charge. In contrast to the photon, the massless
gluon is the mediator of the strong force and itself carries the colour charge of the strong
force. Only quarks carry the colour charge and therefore interact strongly. In the SM,
there are three colour charges: red (r), blue (b) and green (g). Compounds of the quarks
form colourless hadrons which can be divided into baryons (with a spin of +1/2 or £3/2)
and mesons (with a spin of £1 or 0). A baryon is formed out of three quarks and a meson
consists of a quark and an antiquark. Additionally, only colourless particles can propagate
freely, which is known as colour confinement. The W= and Z bosons are the mediators of
the weak interaction and all fermions interact through the weak force because they possess
the weak charge. The W¥ bosons only couple to particles with left handed chirality and
to antiparticles with right handed chirality.

In quantum field theory (QFT) [12,13], the SM is a gauge invariant quantum field based
on the symmetry group SU(3) ® SU(2)r ® U(1)y[] This means that the Lagrangian £ is
invariant under transformations contained in SU(3) ® SU(2), ® U(1)y group.

2.2. Higgs mechanism

The electromagnetic and weak interactions have been brought together via electroweak
unification [244] that is based on the group S(2), ® U(1)y. The simplest version of the
electroweak theory predicts massless W+ and Z bosons, but experiments have shown that
their masses are non-zero [14, [I5]. The mass of the W= is 80.379 4 0.012 GeV and the
Z mass has a value of 91.1876 + 0.0021 GeV [I1]. To solve this apparent contradiction,
a theory of spontaneous symmetry breaking has been developed independently by Higgs
[8] and Englert and Brout [9].

symmetry. It is introduced by a complex scalar field ¢ that can be written as a weak

The particles obtain their masses through this broken

isospin doublet with two complex scalar fields. The potential

V(9) = 1*(¢"¢) + M¢"0)*,

1L stands for left handed chiral particles and Y for the weak hypercharge

(2.1)




2.2. Higgs mechanism

also known as the Higgs potential, is added to the corresponding Lagrangian £. The
potential has a finite minimum if X is greater than zero. If 42 is also positive, the potential
V(¢) has a minimum at ¢ = 0 and the vacuum state corresponds to the scalar field ¢
being zero. The shape of the potential V(¢) and its minimum is illustrated in Figure
. But if 42 < 0, the potential takes on a different shape where the minimum is at
v = j:\/—i“—; # 0, the vacuum expectation value. This is shown in Figure 2.1(b)l The

parameter v has a value of 246 GeV, and the masses of the gauge bosons and the Higgs

boson depend on v [I1]:

my = V2, (2.2)

1
1 qwv
= — . 2.4
2= 9 cos O (2.4)

Here, gy is the weak coupling constant. The mass of the Higgs particle has been measured
by the ATLAS and CMS experiments in 2012 [16, [I7]. The latest measured value is
125.25 + 0.17 GeV [11]. The value of parameter A follows from the measurements of the
Higgs mass (Equation and has a value of A ~ 0.13 [11]. The resulting Lagrangian
I8

£ = (Do) (D"6) — V(6) (2.5)

with D, = 0, + igB,, where B, describes the new gauge field and the Higgs potential
V(¢) is given in Equation [2.1]

@
v(9) )

V(9)

02

P OB

¢4

(a) i* >0 (b) 1> <0

Figure 2.1.: The Higgs potential V(¢) from Equation for different values of the
parameter p? [18].
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2.3. Higgs boson properties

2.3.1. Higgs boson decay

The Higgs boson can decay to many particles in the SM. Branching ratios (BR) state
the relative frequency of a specific decay mode. The main reason why some BRs are
smaller than others is that the mass of the particles in the final state are proportional to
the coupling strength to the Higgs field [I§]. That means the decay to light fermions is
suppressed which makes it difficult to observe in experiments. The most sensitive Higgs
decay modes are H — bb, H — WW* and H — 777~. The decay into two on-shell W
bosons cannot occur because the mass of two W bosons are larger than the mass of the
Higgs boson. This means one of the W bosons must be off-shelPll Additionally, the Higgs
boson can decay into two gluons and photons although gluons and photons are massless
and do not couple directly to the Higgs field. Therefore, they decay through loops of
virtual massive W bosons and top quarks, as shown in Figure 2.2l The values of the
Higgs boson BRs are summarised in Table 2.2 BRs of direct decays into a fully leptonic
state or in a semileptonic state with quarks with a BR < 2.5 % have not been listed in
this table. The decay into two photons 7+ has a very low branching ratio of 0.2 % but
due to the sensitivity of the final state this decay mode is investigated in the detector
[19].

H==-== t He==m- t He=—- w

g Y Y

Figure 2.2.: The Feynman diagrams of the Higgs bosons decaying into two massless
gluons and two massless photons [1§].

2Tt is labelled with * and the same is true for the decay into two Z bosons.



Table 2.2.: The branching ratios for the different decay modes of the Higgs boson at a

mass of my = 125 GeV [20].

2.4. Higgs boson pair production

Decay mode | Branching ratio
H — bb 58.2 %
H— WW* 21.4 %
H — gg 8.9 %
H— 77~ 6.3 %
H — cc 2.9 %
H— ZZ* 2.6 %
H — vy 0.2 %

2.4. Higgs boson pair production

Higgs bosons can be produced in pairs at the LHC. Figure [2.3] shows the Feynman di-
agrams of the dominating Higgs pair production modes: the gluon-gluon fusion (ggF)

mode and vector boson fusion (VBF) mode.

Figure shows the cross-sections of the Higgs pair production at different centre of
mass energies. The low values of the cross-section at centre of mass energies of /s =
13 TeV makes it difficult to observe the pair production in experiments. Measurements of

the cross-section of Higgs boson pair production constrain the parameter A which helps

define the shape of the Higgs potential.

g TTTET——— - - - - - H g _-H
X .~
(a) t,b t,b &
g —Ll oo H 9 "~H
q > —q q > ——9q - H
W, Z A <
_____ H ] 3
(b) W,Z ———_‘
____H \\
q q q g ~H

Figure 2.3.: The leading order (LO) Feynman diagrams for the Higgs pair production.
The triple Higgs vertex is labelled with a red dot [21].
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3L S HH+X) (] g — HH (NNLO

o

FTapprox

M,, = 125 GeV
PDFALHC15

1314 20 30 50 70 100
Vs [TeV]

Figure 2.4.: The cross-sections of the Higgs pair production modes as a function of the
centre of mass energy /s in pp collisions [21].

2.4.1. Resonant Higgs Pair Production

Apart from the non-resonant Higgs pair production predicted by the SM, Higgs boson
pairs can also be produced resonantly in beyond the SM theories which predict one or
more additional heavy scalar particles. One example would be two-Higgs-doublet models
[22] where h denotes a Higgs state with a different mass than H. The Feynman diagram
in Figure [2.5| shows an example where h is produced via gluon fusion. Going one step
further, models such as the two real singlet model (TRSM) [23] even predict X — SH
where X and S are both heavy scalar bosons. None of these models predict a specific
mass range for the new scalar bosons, and thus, searches must consider a wide mass range.
Chapter [ gives a specific insight to the TRSM.

~
-~
-~
-~

h

-~

Figure 2.5.: The Feynman diagram for the Higgs production through gluon fusion at
leading order in the two-Higgs-doublet model [24]. h represents Higgs boson
pairs h = h°, A° or H® in the two-Higgs-doublet model.



3. The Large Hadron Collider
(LHC) and the ATLAS Detector

This chapter gives a overview of the ATLAS detector at the Large Hadron Collider
(LuC) [5] at the research centre CERN in Geneva.

The CERN accelerator complex
Complexe des accélérateurs du CERN

2008 (27 km)

" AWAKE
HiRadMat
AD
m |5DE
g \/ b : I REX/HlE East Area
P 200172015 [
I|RRAD/CHARM H

PS

4
9 (628 m)
\ LINAC 2 CLEAR
LINAC 3 LEIR
lons
) ions ) RIBs (Radioactive lon Beams) ) n (neutrons) ) p (antiprotons) ) e (electrons)

LHC - Large Hadron Collider // SPS - Super Proton Synchrotron // PS - Proton Synchrotron // AD - Antiproton Decelerator // CLEAR - CERN Linear
Electron Accelerator for Research / AWAKE - Advanced WAKefield Experiment // ISOLDE - Isotope Separator OnlLine // REX/HIE - Radioactive
EXperiment/High Intensity and Energy ISOLDE // LEIR - Low Energy lon Ring // LINAC - LINear ACcelerator // n-ToF - Neutrons Time Of Flight //
HiRadMat - High-Radiation to Materials / CHARM - Cern High energy AcceleRator Mixed field facility // IRRAD - proton IRRADiation facility //

GIF++ - Gamma Irradiation Facility / CENF - CErn Neutrino platForm

Figure 3.1.: An outline of CERN and its colliders and detectors [25].
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3.1. The Large Hadron Collider (LHC)

In 2000, the Large Electron-Positron Collider (LEP) was closed to make place for a new
hadron collider, the LHC. The LHC is a high-energy proton-proton (pp) collider with a
circumference of 27 km and lies approximately 175 m under the border of France and
Switzerland. An outline of the entire CERN complex with the LHC is shown in Figure [3.1]

With a centre of mass energy up to /s = 14 TeV, the LHC is the particle accelerator
with the highest energy in the world. The LHC was build to test the SM and enable
searches for theories beyond the SM, for example supersymmetry (SUSY).

Three runs, Run 1 (y/s = 7-8 TeV) from 2010 until 2013 [26], Run 2 (/s = 13 TeV)
between 2015 and 2018 [27] and the latest starting in 2022 (/s = 13.6 TeV) have taken
place. Between these runs, the shutdowns have been utilised to improve and upgrade the

collider.

3.2. The ATLAS Detector

Tile calorimeters

LAr hadronic end-cap and

forward calorimeters
Pixel detector \

LAr electromagnetic calorimeters

Toroid magnets
Muoh chambers Solenoid magnet | Transition radiation tracker
Semiconductor tracker

Figure 3.2.: The ATLAS detector and its buildup [6].

The ATLAS (A Toroidal LHC ApparatuS) [6] detector is a large general purpose de-
tector of the LHC (along with the CMS detector). The setup of the detector is shown in
Figure 3.2l The detector is 25 m in diameter and 44 m long and weighs about 7000 tons.
pp collisions are examined in the detector. The centre of the detector is the collision point

of the proton beams.

10



3.2. The ATLAS Detector

The origin of the right-handed coordinate system that is used at ATLAS corresponds
to the interaction point of the collision. The beam direction defines the z-axis. The
r-axis points to the centre of the LHC ring and the y-axis points upwards. Besides the
cartesian coordinates, the spherical coordinate system is mainly used at ATLAS. The
beam angle 6 is the angle between the beam axis and the x-y-plane and the azimuthal
angle ¢ is measured around the beam axis in the x-y-plane. A parameter that is also
used, mainly for heavy particles, is the rapidity y = 3 In[(E + p.)/(E — p.)] because of
the invariance of rapidity differences Ay under a boost in beam direction. If the mass of

the measured object is negligible compared to its energy, i.e. in the relativistic limit, y
0

2
by pr = /p2 +p2. The transverse energy is defined as Er = \/ (Emiss)2 4 (Emiss)2 —
\/m2 + p%. The missing transverse energy is defined as E¥s = | /E2 + EZ Tt is used to
calculate the energies of the invisible particles that are produced. AR is the distance in

the pseudorapidity-azimuthal angle space and is defined as AR = /An? + A¢?.

The ATLAS detector is composed of subsystems surrounding the interaction point of

reduces to the pseudorapidity n = —In [tan ( )} The transverse momentum is defined

the pp collisions. The first detector that the collision products reach is the inner detector
(ID), followed by the electromagnetic and hadron calorimeter. The muon spectrometer

surrounds the entire detector. All detector parts are divided into a barrel and an end-cap.

3.2.1. The Inner Detector (ID)

The ID is the first detector system that particles emerging from LHC collisions reach. A
solenoid magnetic field with a strength of 2 T immerses the inner detector which leads
to curved trajectories of charged particles. The innermost layer consists of the pixel and
strip (SCT) detectors which are semiconductor detectors. A transition radiation tracker
(TRT) makes up the last part of the ID. These three components measure the transverse
momentum pr of charged particles and identify the vertex, the interaction point of two
particles. The momentum resolution of the ID is o, /pr = 0.05 % pr & 1 % [GeV].

The pixel detector, with over 92 million silicon pixels, consists of four layers of modules.
The first layer is the insertable b-layer that was installed in May 2014 and is the latest
addition to the ID [28]. It was build to cope with high radiation. The pixels have an
area of 50 x 250 ym? in the innermost region and an area of 50 x 400 ym? in the external
layers.

The pixel detector is followed by the strip detector (SCT). The strips are placed onto
modules and every strip is 80 um wide and 250 ym long. The entire SC'T has over 4000

modules with overall six million readout strips and every module consists of two layers of

11
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strips. Eight strips are typically traversed by a particle. While the first layer is arranged
parallel to the beam direction, the second layer is rotated by an angle of 40 mrad which
is about 2.3° to measure two coordinates of a traversing particle. The pixel and strip
detector cover a region of |n| < 2.5.

The TRT is the last component of the ID. It is mainly used to differentiate electrons
from hadrons, mainly pions. The TRT consists of tubes (diameter of d = 4 mm) that
act like drift chambers. The tubes are filled with XeCO50, gas where the molecules
are ionised by the traversing particles. Additionally, photons are emitted and ionise the
gas. Electrons that traverse the tubes liberate more photons than hadrons because the
amount of the radiation depends on the mass of the particles. Heavy particles (hadrons
for example) liberate more photons than light particles (electrons for example). The
radiation also depends on the energy of the traversing particle. In general, electrons
have lower energies than hadrons. Therefore, more photons are produced if a electron
traverses the with gas filled area between the tubes. These are the reasons why traversing
electrons have a higher transition radiation than hadrons and thus, the more photons are
emitted, the more molecules in the tubes are ionised and therefore, more electrons reach
the gold-plated wire inside each tube. The emitted electrons cause higher threshold hits
than hadrons [29]. An electron or a hadron traverses about 36 tubes. The TRT covers a

region of |n| = 2.0.

3.2.2. The Calorimeter System

The calorimeter of the ATLAS detector surrounds the ID and is used to measure the energy
deposits that a particle leaves. Due to the energy loss, the particle loses momentum and
stops in the calorimeter. During the interaction with the material, other particles are
produced and create particle showers. The calorimeter system consists of two parts: the
first one is the electromagnetic calorimeter for electrons, positrons and photons, and the

second one is the hadron calorimeter which is designed to measure hadron energies.

The Electromagnetic Calorimeter

The electromagnetic calorimeter at ATLAS is a sampling calorimeter. Liquid argon (LAr)
is the active material. To ensure that the argon remains in liquid form, the electromagnetic
calorimeter has to be cooled down to a temperature of —184° C. The absorber is made
out of lead. The entire electromagnetic calorimeter has a thickness of over 22 radiation
lengths in the barrel and over 24 radiation lengths in the end-cap region. The barrel region

of the electromagnetic calorimeter covers the region with |n| < 1.475 and the end-cap

12
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components a region of 1.375 < |n| < 3.2. The energy resolution for the barrel and end-cap
region of the electromagnetic calorimeter amounts to og/E = 10 %/vVE @& 0.7 % [GeV]

for electromagnetic showers.

The Hadronic Calorimeter

The hadronic calorimeter, which is also a sampling calorimeter, measures hadronic en-
ergies. Similar to the electromagnetic calorimeter, the hadronic calorimeter also has a
barrel and end-cap region (interaction length of 9.7 in the barrel region and 10 interac-
tion lengths in the end-cap region). The calorimeter for the hadrons is divided into three
sections: a tile calorimeter (barrel and and two extended barrels), an end-cap calorimeter
and a forward calorimeter. The energy resolution for hadron showers in the barrel and
end-cap regions has a value of og/E = 50 %/vVE ® 3 % [GeV].

For the tile calorimeter (3 layers for each barrel), scintillating tiles are used as the active
material whereas steel is the material of the absorber. The barrel region covers |n| < 1.0
and the end caps range is 0.8 < |n| < 1.7.

The second part of the hadron calorimeter is the LAr end-cap calorimeter on each side
which is placed behind the barrel of the tile calorimeter. Tungsten, copper or lead is used
as the passive material. The end-cap calorimeter covers a range of 1.5 < |n| < 3.2 with
four layers in total.

The third constituent of the hadronic calorimeter is the forward calorimeter (3.1 <
In| < 4.9, 3 layers). Similar to the end-cap calorimeter, LAr is the active material and
tungsten, copper or lead is used as the passive material. Each end-cap consists of three
modules. The energy resolution of the forward calorimeter differs with respect to the other
constituents of the hadronic calorimeter and its value is o /E = 100 %/vE © 10 % [GeV]

for hadronic showers.

3.2.3. The Muon Spectrometer

The muon spectrometer is the outermost layer of the ATLAS detector and surrounds the
ID and the calorimeters. The muon spectrometer measures the momentum of emitted
muons that traverse through the entire detector by deflecting their trajectories. The
muon spectrometer is surrounded by three toroid magnets (one in the barrel region and
one for each end-cap region). The pseudorapidity region that the muon spectrometer
covers is || < 2.7. The toroid magnet in the barrel region provides a bending power
J B -dl of 1.5 to 5.5 T-m and the magnet in the end-caps has a bending power of 1.5 to

7.5 T-m. At a transverse momentum of pr = 1 TeV, the momentum resolution amounts
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to 10 %.

The spectrometer is made out of gas filled chambers where the muons ionise the gas
molecules. Signals can be then obtained and this gives an indication of the position of the
muons. For different pseudorapidity ranges, different chambers with different granularities
are utilised. The precise measurement of the muon coordinates is done with the Monitored
Drift Tubes (MDT) for |n| < 2.7. The Cathode Strip Chambers (CSC) are used for
tracking in a larger pseudorapidity region (2.0 < |n| < 2.7) due to their higher granularity.

Furthermore, a trigger system for |n| < 2.4 is used in addition to the MDT and CSC.
The Resistive Plate Chambers (RPC) have been inserted for the barrel region and Thin
Gap Chambers (TGC) are installed in the end-cap region.

3.2.4. The Trigger System

The trigger is used to filter the large amount of data produced by the LHC in real time
[30]. The event rate at ATLAS is around 40 MHz at a luminosity of £ = 103 cm™2s7!
and not every event is relevant. Thus, a two stage trigger is installed that decides if an
event is kept or discarded.

The first component of the trigger is the Level-1 (L1) hardware-based trigger. It uses
the information from the calorimeters and muon spectrometer to reduce the rate to ap-
proximately 100 kHz. It makes fast decisions but with low resolution and searches for
particles with a large transverse momentum and energy. The High-Level-Trigger (HLT)
is software-based and can make more complex decisions. It reduces the rate to around
1 kHz and uses information not only from the calorimeter and muon chambers, but also

from the ID. Events passing the HLT are then saved for offline analysis.
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4. The HH/SH — bbVV* decay

channel with one lepton in the

final state

A short introduction to the decay channel X — HH/SH — bbVV* — bbgqly, (V =
W#, Z) and the analysis will be given here. More aspects and further information about

the analysis can be taken from Refs. [31], 32].

4.1. The HH/SH — bbWW* decay channel

Some theories beyond the Standard Model (BSM) predict a massive scalar boson X that
can decay in either two Higgs bosons, or into one Higgs boson and an intermediate scalar
boson S. These theories do not predict the masses of the X and S bosons. Therefore
analyses must consider multiple mass hypotheses and mass ranges for the X and S bosons

are scanned. The ranges for my and mg that are considered in this analysis are:

750 GeV < myx < 5000 GeV, (4.1)
170 GeV < mg < 2500 GeV. (4.2)

Due to the criteria
mx —msg > Mgy, (43)

the Higgs and S bosons are produced on-shell. One Higgs boson decays into a bb pair
and the decay products of the S (or the Higgs boson) are two vector bosons VV*. This
thesis will focus on the vector bosons being W bosons. Because only mg > 170 GeV is
considered, the two W bosons are on-shell. In the one lepton final state, one W boson
decays into a ¢q pair and is named the Wj,q boson, and the other one decays into a lepton
and the corresponding neutrino. This thesis concentrates on the lepton being a muon due

to the better identification in a boosted topology (see next paragraph) compared to the
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4. The HH/SH — bbVV* decay channel with one lepton in the final state

identification of an electron. The decay channel is sketched in Figure for X — SH
and X - HH.

Due to the high momenta of the decay products, the topology of the final state is known
as the boosted topology. This means that the bb and ¢g pairs cannot be resolved, and
the direction of the lepton and the decay products of Wy,q do not span a large angle in
the detector. The directions of the lepton and W).q4 are almost identical. Hence, in this
analysis the boosted topology is defined by the angular separation AR(Wjaq, ) of the

lepton and Wy,,q boson being smaller than 1.

Figure 4.1.: The decay channel X — HH/SH — bbWW* — bbgql~ 7, [32]. The single
jets coming from the decay products are marked as red cones and the TAR
jets are the blue cones.

4.2. Background Processes

Apart from the signal process displayed in Figure[4.T] various other processes can end up in
the same final state by either having the same final state particles or misidentifying objects
in the reconstruction. While the focus of this thesis is put on the W-+jets background,

other background processes must be taken into account as well:
o di-boson (two heavy gauge bosons are produced),

« non-prompt leptons (produced in later (mainly hadron) decays; dominated by QCD

processes),
 single top,
. tt,
o Z+jets.
Except the data-driven non-prompt background, all background processes are simulated

by Monte Carlo (MC) methods [33, [34].
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4.3. Object Reconstruction

4.3. Object Reconstruction

All the decay products in the final state of the decay channel need to be reconstructed:
the muon and the jets that come from the quark pairs in the final state. Due to the
neutrino being invisible in the detector, it cannot be reconstructed. Therefore, it must be

reconstructed indirectly.

4.3.1. Lepton Reconstruction

As mentioned before, this thesis will focus on the lepton being a muon pu. It is re-
constructed by matching the track that it leaves in the ID with a track in the muon

spectrometer [35]. The muon candidate must satisfy [31], [32]:

e a transverse momentum of pr > 10 GeV,
« a pseudorapidity of |n| < 2.5 and

o the loose identification [36] criteria must be fulfilled. It ensures a high efficiency in

the reconstruction of the muon and good reconstructed muon tracks.

Signal muons must also satisfy

o the medium [36] identification selection such that the systematic uncertainties that

comes with the reconstruction of muon tracks is small and

o the FizedCutTightTrackOnly [37] isolation requirement. Muons are normally pro-
duced isolated from other particles and this isolation criteria requires that the scalar
sum of all transverse momenta pr > 1 GeV in a cone of min(10 GeV /p4., 0.3) around

the muon with a transverse momentum of p4. must be less than 6 % of pf. [35].

4.3.2. Jet Reconstruction

In the final state of the decay channel, a bb and a g pair is present. Due to colour confine-
ment (described in Section , they do not propagate freely. The energy that is stored
in the field between a quark and an antiquark increases as they separate in the detector.
Therefore, a new quark-antiquark pair occurs. The quarks and antiquarks form colourless
hadrons. This process continues and all hadrons produced are then reconstructed as a

jet. For this, jet reconstruction algorithms have been derived taking into account the
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4. The HH/SH — bbVV* decay channel with one lepton in the final state

distances [38]

ARZ
d;; = min {pnga PQT?} T;j and (4.4)
dip = py! (4.5)

between two input objects ¢ and 7 which can be calorimeter clusters, tracks or also other
jets as well as the beam axis B. AR is the distance in the pseudorapidity-azimuthal
angle space and R the fixed radius parameter of the cone as introduced in Section [3.2]
If di; < d;g, then the object ¢ and j are merged together. But if d;; > d;5, object i will
be identified as a jet and will no longer be considered in the jet reconstruction algorithm.
These steps continue until all objects are assigned to jets. The exponent p adjusts the
ordering of the energy scales compared to the geometrical scales.

This analysis makes use of the anti-kr algorithm [38], an iterative cone algorithm with
p = —1 and a radius parameter of R = 0.4, to cluster calorimeter deposits into jets.
The anti-kr algorithm focuses on grouping the highest energy clusters first and the less

energetic objects afterwards.

TAR Jets

Track-Assisted Reclustered (TAR) [39] jets with a size-parameter of R = 0.75 are used
(blue cones in Figure in this analysis. Due to the large momenta of the Higgs/scalar
bosons, their decay products are so close together that the particle flow jets (sketched as
red cones; see next paragraph) overlap and the hadrons cannot be resolved individually. In
the TAR jets, R = 0.2 jets are reclustered with the anti-kr algorithm. All decay products
are collected within a single jet. Additionally, they are required to have a transverse
momentum of pr > 100 GeV and a pseudorapidity |n| < 2.0.

The red cones in Figure illustrate the R = 0.4 particle flow (PFlow) jets [40]
originating from the bb pair and the two quarks ¢g. Reconstructing the PFlow jets,
information from the calorimeter and tracker are used to form the signal that should be
identified with individual particles. Then, the jets are reconstructed with the anti-kp
algorithm. The red cones in Figure [4.1] encompasses the emitted hadrons which form a

jet. These jets are required to have a pr > 20 GeV and |n| < 4.5.

4.3.3. Wiaq and H — bb Classification

In this analysis, two TAR jets are expected in this event, one originating from the Higgs
boson that decays into bb (H — bb) and the other from the hadronically decaying Whaq
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boson (Whaq). To distinguish the jets, a classifier is applied:

— The TAR jet that has the smallest distance to the signal lepton is labelled W},,q4 and
the pr leading jet that is not the Wh.q candidate is classified as H — bb.

4.3.4. b-Tagging

Due to the bb pair in this analysis, hadrons that contain b quarks appear in the jets.
Hadrons consisting of b quarks have a relatively long lifetime compared to hadrons with
different quarks as their constituents. As the hadrons are boosted, they travel a non-
negligible distance in the detector before they decay into other particles. Hence, the
primary vertex as the point of the pp collision can be distinguished from the secondary
vertex which is the point of the hadron decay that contains at least one b quark. The
secondary vertex gives information about the quark flavour (b quark) of the TAR jet [1§].

At the ATLAS experiment, algorithms have been developed to tag jets containing b
quarks [41) 42]. Low-level algorithms use two methods: the first method uses the recon-
structed tracks of charged particles that the particles leave in the detector. The particle
tracks then are combined with tracks coming from jets/hadrons. The second method
utilises the long lifetime of hadrons that contain b quarks and with that the secondary
vertex having a significant distance to the primary vertex. The secondary vertex gets
reconstructed directly by combining the particle tracks. To maximise the efficiency of the
low-level algorithm, high-level algorithms are used which, in this analysis, is the DLR1
[43] algorithm, a deep neural network. It uses the information from the low-level algo-
rithms to determine a score which corresponds to the probability of a certain jet type
which means that the jet can either be b or ¢ tagged or even a light jet can correspond to

the output. The higher the output, the more likely it is to have a b jet.

4.4. Event Selection

4.4.1. Preselection

To ensure that the chosen events are placed in the boosted 1-lepton phase space, events
are selected according to preselection criteria. For an event to pass the preselection, it

must satisfy [31]:
o 1 signal muon must be present,

o at least two TAR jets (one from hadronically decaying W.q boson, the other one

from H — bb) must be present in the event,
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4. The HH/SH — bbVV* decay channel with one lepton in the final state

o AR(Whaga,?) < 1 with AR(Whaa, £) being the angular separation between the hadron-
ically decaying Wy,.q boson and the lepton ¢,

e pr > 500 GeV for the H — bb candidate and

o < 2 b-tagged PFlow jets.

4.4.2. Region Definition

Signal regions (SR), a validation region (VR) and control regions (CR) are defined through
cuts in order to distinguish between signal and background. Additionally, the regions are
orthogonal to each other which means that no event can be found in more than one
region. The cuts are chosen on variables that have different distributions for signal and

each background process:
o number of b-tagged TAR jets in the event,

o the TAR jet mass m%(f{’g and m?&’f{’ coming from H — bb and Wi.g candidates,

o the transverse mass mIVY P of the leptonically decaying Wi, boson (includes the

muon and the missing transverse energy) and

o the substructure variable Cy that checks if the H — bb candidate is more consistent

with the 2-prong signature rather a 1-prong one. Cs is defined as [31], [32]

. ECFg X ECFQ

¢ ECF?

(4.6)

with the Energy Correlator Functions (ECFs) that indicate the energy distributions

inside a jet.

4.4.3. Control Regions

In order to control and correct the estimated background contributions, two CRs are
defined for the two dominant background processes which are W+jets and t¢. In addition,
a non-prompt CR is introduced in order to estimate the contributions of multijet events
using data-driven methods. Different cuts define the three CRs. These are derived from
the distributions of the variables shown in Figure [4.3] For events in the W+jets CR,
no b-tagged TAR jet is required as shown in Figure Furthermore, for an event
candidate that is placed in the W+jets CR, the transverse mass mqu ep

decaying Wie, boson must be between 60 GeV and 120 GeV due to the peak of m?f P in

of the leptonically
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4.4. Event Selection

this interval for the W-jets background, plotted in Figure . m%‘k‘ﬁd is introduced to
distinguish between the tf and W+jets, hence, it is only looked at in the CR of ¢t (Figure
13-

Additionally, window cuts around the respective median of variables are introduced to
distinguish between signal and background. For example, a my mass window around the
Higgs mass my = 125GeV as the median is established because the H — bb candidate
peaks at 125GeV for signal which can be seen in Figure 4.2l The distribution of the
H — bb mass for signal and the background is shown here. The event candidates only
passed the preselection criteria. The my window has deviations depending on the boost
of the Higgs boson and thus the collimation of the b quarks. An event saved in a specific
region passes or fails the window. Events saved in one of the SRs pass it in order to fill
the region with signal events, events saved in CRs fail it to enrich it with the selected
background process. The smaller the my window, the more precise the selection of events

for a region is if an event candidate stored passes the my window.

12 900K T T T T R =
c E 1 " 3
S ooob /s =13 Tev, [Ldt=139fb diBoson 3
i = X—HH/SH-bbWW, 1-lep S
700F-Preselection, 1 b-tagged TAR jet ttbar -
F Wijets e
600 = Stat. Uncertainty
F —— ) signal 7
500 géale: 25% of bkgs
400E =
300F =
200F- =
100F+ =
0 E 11 I Ll | SRR 3

0 50 100 150 200 250

H—bb m™R [GeV]

Figure 4.2.: The distribution of the H — bb mass m2:% for signal and background [31].
The distribution of the signal takes on its maximum around the Higgs mass,
the distribution of the background does not peak around the Higgs mass.

An event candidate that should be stored in the W+jets CR must not peak around the
Higgs mass my = 125 GeV. This criteria follows from the distribution displayed in Figure
. Here, the window cut is chosen at a 70 % signal efficiency which keeps a large
amount of signal events but also excludes a decent amount of background events. For a
H — bb candidate to be stored in the W-jets CR, it must fail the 70 % my window.

The consequential cuts for all three CRs are shown in Table [£.1]
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Normalized to unity

(a) The number of b-tagged TAR jets in the

Normalized to unity

¢) The distribution of m¥iad for signal and
TAR

Figure 4.3.: The distributions of the variables used to define the three CRs.
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ditionaly, the behaviour of the variables is shown in red for the signal
(mx = 2 TeV). The dijet MC approximates the non-prompt background

31

Background Process CR Cuts
. 0 b-tagged TAR jets; H — bb fails 70 % my window:
W+jets Wi
60 GeV < mp ® < 120 GeV
0 b-tagged TAR jets; H — bb fails 70 % my window:
QCD W]ep Wlep
myp " <60 GeV or myp ™ > 120 GeV
tt 2 b-tagged TAR jets; m%VAhﬁd < 20 GeV

Table 4.1.: The Control Region (CR) cuts for the three dominant background processes
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4.4. Event Selection

In this analysis, two different W+jets CR will be examined: the first one is the CR
that is described in Table and is referred to as the W+jets CR1. For SHERPA 2.2.11,
the my cut will be removed and this CR is denoted as the W+jets CR2.

4.4.4. Validation Region

For the VR, different variables define this region. The VR is established to cross-check
the background estimation obtained from the CRs against data. The VR will be different
for the SH and H H signal. The cuts for the VR are:

o 1 b-tagged TAR jet in the event,

« H — bb candidate is single b-tagged and

« H — bb candidate fails the 80 % my mass window (Figure .

The additional cuts for the SH and H H selection are:

o SH selection: H — bb candidate passes 80 % C, window. The distribution is ex-
hibited in Figure . The signal peaks around H — bb Cy =~ 0.05 and the distribu-
tion for the background processes have their maximum in the range H — bb Cy €
[0.05,0.25]. Due to the small overlap of these peaks, the signal efficiency for the
H — bb Cs window is therefore set at 80 %.

e HH selection: event candidate passes the SH selection criteria and passes 80 %
AR(Whag, ¢) window. The distributions for signal and background are plotted in
Figure [4.5] The widely ranged distribution for the background processes only has
low values for small AR(Whaq,{)’s, where the distribution for the signal has its

maximum. Thus, the signal efficiency for the AR(Whaq, ¢) window is set at 80 %.
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Figure 4.4.: The  distributions of  Figure 4.5.: The distributions of
H— b Cy the SH se- AR(Whaa,?¢) for the HH
lection [32]. selection [32].

For studying the visible+met mass miﬂﬁj{ distribution (introduced in Section
as the most important variable in this thesis, the cuts on H — bb Cy and AR(Whaa, 0)
windows will be removed to increase the statistics. This specific VR will be referred to as
VRspec-

The criteria for the SRs can be taken from Refs. [31) [32].

4.4.5. Normalisation Factors

Additionally, normalisation factors are applied in the CRs and VR since a significant
mismatch between the overall number of data and background events have been observed
for Wjets, tt and non-prompt lepton estimate. During the course of this thesis, the
W+jets MC generator has been updated to a new version (SHERPA 2.2.1 to SHERPA
2.2.11 [44]), such that two sets of normalisation factors have been derived and are listed
in Table [4.2]

W +jets | non-prompt | tt
SHERPA 2.2.1 0.53 1.18 0.71
SHERPA 2.2.11 1.07 0.86 0.78

Table 4.2.: The normalisation factors for the three main background processes [31], [32].
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Regions

In this chapter, the W+jets background modelling in the W+jets CR1 and W +jets CR2
(both CRs introduced in Section will be analysed. For the background modelling,
the MC simulations from SHERPA version 2.2.1 is used. The expected W +jets background
will be compared to the observed data from which the other background processes (Sec-
tion are subtracted. Given the disagreement between data and background that is
observed, the unweighted W +jets distributions are weighted based on different variables
to then have a better agreement with data in control regions and validation regions (see
Chapter @ Additionally, the effect of the new SHERPA version 2.2.11 on the modelling

is investigated.

5.1. Distributions of Variables in the W4 jets CRs

Here, different variables are investigated for their modelling:

o AR(Whaq, ),
o the missing transverse energy FEiss,
o the TAR jet mass m%ﬁé{’g of the H — bb candidate,

e lepton pr and

. 2
o the visible+met mass mffjﬁjf = \/ (pH =0 4 pWhad 4 pf 4 pmet> with

pret = (s pmiss p;“iss, 0). This variable is the most important one as it is the

final discriminant used in the analysis, in the SR [32].

For the visible+met mass mffjﬁj{ , the momentum four-vectors for the three final state

objects (the TAR jet of H — bb, the hadronically decaying Whaa and the lepton () are

used. The missing momentum p™°* is used to represent the neutrino kinematics, but with
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pY set to zero. Other mass definitions (transverse mass and visible mass) lead to broader

peaks in the signal distributions [32].

The distributions for the five variables in the W+jets CR1 and W+jets CR2 are shown
in the Figures [5.1] and As expected, the distribution in the W+jets CR1 and CR2 is
dominated by the W+jets background process because the W+jets CR is enriched with
the W+jets background process.

Generally, it can be said that the background modelling in the W+jets CR2 using
SHERPA 2.2.11 improves drastically for the variables that do not exhibit a good agreement

between data and background in the W+jets CR2 using SHERPA 2.2.1 - especially for the

SH/HH
vis+met °

Only the distributions of AR(Whaq, ¢) (Figure|5.1(a)|and [5.1(b)|) and lepton pr (Figure
[5.2(c)| and |5.2(d)|) exhibit a good agreement between data and MC simulation in the
W+jets CR1 and W+jets CR2 and the statistical uncertainty of each data point covers

the difference background and data. For the three other variables it can be seen that the

visible++met mass m

observed data and background do not agree well for both SHERPA versions.

Around the peak at 50 GeV of the missing transverse energy EX distribution, an un-
derestimation of background can be seen in the W+jets CR1 (Figure and W+jets
CR2 (Figure . In the tail of the E¥* distribution, the simulated background
mostly overestimates the data in both W+jets CRs.

Figure shows the background modelling (SHERPA 2.2.1) for m#2%  The cut
in the range 100 GeV to 130 GeV comes from the definition of the W+jets CR (Table
and vanishes by removing the cut which can be seen in Figure (SHERPA
2.2.11). For the background modelling in the W-jets CR1 of m 3 in Figure ,
an underestimation of the background is observable for 135 GeV < m@{@{’g < 180 GeV.
For the modelling of SHERPA 2.2.11 in the W+jets CR2 in Figure the background
underestimation does not occur and the background agrees with data. For masses lower
than 100 GeV, the background modelling overestimates data in the W+jets CR1 but
is covered by the systematic uncertainties. The modelling with SHERPA 2.2.11 in the
W+jets CR2 exhibits the same features. For the mass range 45 GeV < m%{f{’g < 95 GeV,
the new SHERPA sample underestimates the data more than before. But for the masses
from 100 GeV onwards, the background modelling exhibits almost a total agreement with
the data points.
ffjfjj, the mismodelling in the W+jets CR1 and W+jets
CR2 in the Figures [5.2(e)|and [5.2(f)| is clearly notable. The background around the peak

at 1500 GeV underestimates the data in almost every bin. For higher mass values (from

For the visible4+met mass m

1900 GeV onwards), the background processes tend to overestimate data. However, the
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background modelling using SHERPA 2.2.11 W +jets samples in the W+jets CR2 improves
compared to the modelling using SHERPA 2.2.1 W+jets samples in the W+jets CR1.

The modelling of the W+jets background can be improved. By reweighting the WW+-jets
background, such that an agreement between the background and data distribution in a

specific variable is achieved.
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Figure 5.1.: Stacked histograms of AR(Whaq, () and EXs. The first histogram of each
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CR1, the second histogram of each variable the SHERPA 2.2.11 background
modelling in the W-+jets CR2.
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of each variable exhibits the SHERPA 2.2.1 background modelling in the
W+jets CR1, the second histogram of each variable the SHERPA 2.2.11
background modelling in the W+jets CR2.



5.1. Distributions of Variables in the W +jets CRs

In the Figures[5.3|and the number of events for the background prediction and data
in the W+jets CR1 and W+jets CR2 is shown for the five different variables. To focus on
the Wjets background (MCyy, —i—jets)’ all other backgrounds are subtracted from data
(Data—MCg). The mismodelling in the W+jets CR1 and W+jets CR2 for the above

mentioned variables can be seen as well. In addition, the ratio

Data—MC,jse
MOy is plotted for

each variable under their respective plot and denoted as “Data/MC” in the plots. If all

ratio points are near one, then a good agreement between W +jets background and data

is present.
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Figure 5.3.: The distributions of AR(Wyaq, £) and E for SHERPA 2.2.1 (left side) and
SHERPA 2.2.11 (right side) W+jets and data, respectively of which other
background processes have been subtracted.
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Figure 5.4.: The distributions of my,r”, lepton pr and myi . for SHERPA 2.2.1 (left
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5.2. Improvement of the Background Modelling in the W +jets CR

5.1.1. Comparison of W-+jets Background Modelling and Data
via the y?/NDF Method

In order to compare data and the W +jets background and to see the possible improvement

after reweighting the W +jets events, the x? method is used. The x? is defined as
) NDF (-Tz - ,uz')2
=2 2 (5.1)
i=1 g,

where x; is the number of W+jets events in each bin 4, y; is the number of data events
2

in bin ¢, o; is the variance of x; and the sum goes from 1 to the number of degrees of
freedom NDF = N — 1 which is defined as the number of bins N minus one. The larger
x2/NDF is, the worse is the modelling of W +jets in the considered W+jets CR for the
selected variable.

The values of x?/NDF for the nominal W+jets distribution are listed in Table
for SHERPA 2.2.1 and SHERPA 2.2.11 W+jets samples. The five values of x?/NDF un-
derline the poor modelling of SHERPA 2.2.1 W+jets in the W+jets CR1, especially for
AR(Whaa, ¢) and the visible4met mass miﬂﬁg with x?/NDF values of 7.1 and 6.1, re-
spectively. Although, the W+jets distribution of AR(Whaq, ¢) in Figure has a good
agreement with data, the y?/NDF value is large. This is due to the small amount of
W +jets events in the first bins.

For the x?/NDF values in the W+jets CR2, the values improve by a significant amount
especially for AR(Whaq, ¢) and mfﬂﬂj . The entire background contribution in the first
bin of the distribution using SHERPA 2.2.11 of AR(Whag, £) is much larger in the W+jets
CR2 than in the distribution using SHERPA 2.2.1, which explains the significant improve-
ment of the y?/NDF value due to the better agreement with data in the first bin. The
X2/NDF improves for m#3% and the lepton p; whereas the y2/NDF value increases
slightly for Emiss.

5.2. Improvement of the Background Modelling in
the W+jets CR

5.2.1. Correlations between the Variables in the W-+jets CRs

In order to see which distribution can be used to obtain a weight to apply to other dis-
tributions to improve the W-jets modelling in the respective W+jets CR, the linear

correlations between the variables are determined. This is done by evaluating the dimen-
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5. Modelling in the W +jets Control Regions

x2/NDF
Variable SHERPA 2.2.1 | SHERPA 2.2.11
(W+jets CR1) | (W+jets CR2)
AR(Whaa, ¢) 7.1 2.2
Emiss 2.2 2.5
mA 1.9 1.3
lepton pr 1.3 1.1
mi 6.1 4.0

Table 5.1.: The values for x?/NDF for the nominal SHERPA 2.2.1 and SHERPA 2.2.11
W +jets background in the respective W+jets CR. The values have been
obtained from the plots in Figure and .

sionless correlation factor corr between two variables X and Y and their mean X and Y
[45]:

(5.2)

A value of +1 implies that the two variables X and Y are fully correlated while a

value of zero (or near zero) would indicate that these two variables are independent of

Data—MCgige
MCw 4 jets
variables’ distribution can be used to reweight the W +jets events in the distribution of

each other. The value of the correlation factor predicts which ratio from a

another variable, so that data and background have a better agreement.

The correlation factors corr between the previously introduced variables using SHERPA
2.2.1 W+jets background in the W-+jets CR1 are listed in Table [5.2] and for the SHERPA
2.2.11 W+jets background in the W+jets CR2 in Table [5.3|
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5.2. Improvement of the Background Modelling in the W +jets CR

SHERPA 2.2.1 | ARWhaa, () | EZs | mE00 | lepton pp | moi ! 2H
AR(Whaa, ¢) 1 —0.062 | —0.013 | —0.272 | —0.058
Fmiss —0.062 1 0.029 | —0.083 | 0.150
mH o —0.013 0.029 1 0.028 0.062
lepton pr —0.272 —0.083 | 0.028 1 0.130
SH/HH —0.058 0.150 | 0.062 | 0.130 1
H — bb O, — — — — —0.043
pl—h — — — — 0.629
M — — — — 0.155
pyhad — — — — 0.448
miy e — — — — 0.009
Table 5.2.: The correlation factors between the variables in the W+jets CR1. The

correlation factors between the five additional variables (second part of the
table) and the first four original variables (second to fifth column) are not
computed because the five additional variables are only used to reweight the
distribution of mffjﬁjf . The values are rounded to the third decimal place.

The correlation plots can be found in Section .

SHERPA 2.2.11 | AR(Whaa,0) | EWss | miot | lepton pr ffjﬂj
AR(Whaa, 0) 1 —0.071 | —=0.015 | —0.257 —0.064
Eimiss —0.071 1 0.023 —0.075 0.152
m%@f’g —0.015 0.023 1 0.026 0.046
lepton pr —0.257 —0.075 | 0.026 1 0.145
SH/HH —0.064 0.152 | 0.046 | 0.145 1
H — bb Cy — — — — —0.046
pH—th — — — — 0.620
Mt — — — — 0.116
py e — — — — 0.429
A — — — — 0.013
Table 5.3.: The correlation factors between the variables in the W-+jets CR2. The

correlation factors between the five additional variables (second part of the
table) and the first four original variables (second to fifth column) are not
computed because the five additional variables are only used to reweight the
distribution of mffjﬂj{ . The values are rounded to the third decimal place.
The correlation plots can be found in Section .
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5. Modelling in the W +jets Control Regions

Overall, the correlation factors between the variables are very small. The only variables
that have a non-vanishing (|corr| > 0.1) correlation with another variable are AR(Wag, £)

with the lepton pr, and E} and lepton pr with the visible+met mass mffjjﬁg in both

W+jets CRs.
Besides these results, the correlation plots between these variables are produced and
can be seen in Section . The correlation plots between lepton pr and mffjﬁeff using

SHERPA 2.2.1 and SHERPA 2.2.11 are shown in Figure [5.5] as an example.

Sherpa 2.2.11
— 4500 W+jets CR2
Correlation Factor = 0.14484156962

200 250 300 350 400

0 450 500
leptol

200 250 300 350
np [GeV]

450 500
np [GeV]

400
leptol

(a) SHERPA 2.2.1 (b) SHERPA 2.2.11

Figure 5.5.: The correlation plots between the lepton pr and mfﬂfij{ for (a) SHERPA

2.2.1 and (b) SHERPA 2.2.11 W+jets background in their respective W+jets
CR.

Due to the importance of the visible4+met mass my; J{met as a discriminant in this

analysis, five more variables are investigated with regards to use the distributions to

obtain a weight for the mff{ﬁj{ distribution:

« H — bb Cs, the substructure variable introduced in Section [4.4.2]
o pi _”’5, the transverse momentum of the H — bb candidate,
. m&ﬁd, the mass of the decay products of the hadronically decaying Wh.q boson,

. pjvy had “the transverse momentum of the hadronically decaying Wy,q candidate and

. mgy P the mass of the decay products of the leptonically decaying Wi, boson.

SH/HH

. . . . - Data—MCqgjge : ; _
Their distributions and ratio MOy e are shown in the Figures and . The cor
relation plots for these variables with mi;{ ;.. are shown in Section . Their respective

correlation factors are listed in Table £.2]l and B.3l In contrast to the small correlation

factors of the previous variables with mfﬂﬂj{ , the transverse momenta of the H — bb
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candidate p7p

visible+met mass m

5.2. Improvement of the Background Modelling in the W +jets CR

H—bb

SH/HH
vis+met *

This can be explained with the definition of m

and the Wi.q candidate pYW had feature a significant correlation to the

the momenta p of the H — bb candidate and Wi,q are included.
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Figure 5.6.: The distributions of H — bb Cy, pH~" and e
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for SHERPA 2.2.1 (left

side) and SHERPA 2.2.11 (right side) W+jets and data, respectively of
which other background processes have been subtracted.
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5. Modelling in the W +jets Control Regions
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Figure 5.7.: The distributions of py " and my P for SHERPA 2.2.1 (left side) and
SHERPA 2.2.11 (right side) W+jets and data, respectively of which other
background processes have been subtracted.
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5.2. Improvement of the Background Modelling in the W +jets CR

5.2.2. Reweighting the Background in the W4jets CRs

MCW+jets

and [5.7] will be used as a weight on W+jets events for all the distributions to see if the

The ratio 22a—MCee that has been obtained from the distributions in Figure , ,

modelling improves in other distributions in both W+jets CRs despite the five variables

being basically uncorrelated.

The Tables 5.4 and [5.5|lists the x?/NDF values between the SHERPA 2.2.1 and SHERPA
2.2.11 data and weighted W +jets background. The x?/NDF values between the the
nominal and weighted W +jets distributions from Table are listed as well. As expected,

if a distribution is weighted with its own ratio %Z’Wilfc?se, then the data and W+jets are
jets

in total agreement. This can be seen in the histograms for data and background in Section
[A.2 for each variable.

SH/HH

It can be observed that only the SHERPA 2.2.1 Wjets background of miyi{ . is

improved significantly by applying weights to the W +jets events. By using the weight

Data—MCje . C L. . - Wha .
;}‘S‘Tﬂet; from the W+jets distribution of pZ =% and mya!, the x2/NDF value improves

from 6.0 to 3.4, 5.1 respectively. They are marked in light blue and violet in Table [5.4]

Similar results are seen for the SHERPA 2.2.11 W-+jets background. Only the x?/NDF

SH/HH

vistmet improves significantly. Here, the

values regarding the W+jets background of m

weight 7%/%;1\1%% from the W+jets distribution of p =% improves the W +jets modelling.
jets
Furthermore, the weight from the W+jets distribution of pZVY " improves the W-jets
modelling regarding miﬂgg as well. They are coloured in Table H The ratio %Z’Tl\ﬁcfle
jets
from W+jets distribution of EF reduces the mismodelling of the W+jets background
SH/HH .
of Myisimer Slightly.
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5. Modelling in the W +jets Control Regions

SR 22 | AR (Winar0) | 2 [ tepton pr | mifl® | m3TT
unweighted 7.1 2.2 1.9 1.3 6.1
weighted with
AR(Whad, £) 0.0 2.1 1.8 1.3 5.9
Eiss 6.9 0.0 1.9 1.4 5.8
mi b 7.0 2.2 0.0 1.3 6.5
lepton pr 7.0 2.3 1.9 0.0 6.1
S 6.9 2.0 2.0 1.2 0.0
H — bb Oy — — — — 6.1
pH—b — — — — 3.4
myes — — — — 5.1
pipad — — — — 6.3
Moy P — — — — 6.2

Table 5.4.: The x?/NDF values between the weighted SHERPA 2.2.1 W +jets background
and data and the x?/NDF values between the the nominal and weighted
W +jets distributions from Table [5.1] are added additionally.

SHERPA 2.2.11 AR(Woas,©) | B2 | lepton pr | mi mfligg

unweighted 2.2 2.5 1.3 1.1 4.0
weighted with

ARWhaa, 0) 0.0 2.5 1.3 1.2 40
Erss 2.2 0.0 1.3 1.1 3.6
mie 2.2 2.5 0.0 1.1 3.8
lepton pr 2.3 2.5 1.3 0.0 3.9
mo 2.2 2.2 1.3 1.1 0.0
H — bb Cy — — — — 4.1
pH—t _ — — — 2.7
My — — — — 3.7
pqm‘ad — — — — 3.4
. - I )

Table 5.5.: The x*/NDF values between the weighted SHERPA 2.2.11 W+jets back-
ground and data and the x?/NDF values between the the nominal and
weighted W +jets distributions from Table are added additionally.
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5.2. Improvement of the Background Modelling in the W +jets CR

The Figures 5.8 and [5.9)show the nominal and reweighted SHERPA 2.2.1, SHERPA 2.2.11

W +jets distributions for mSH/HH

vis+met »

respectively. Just as the x?/NDF values indicate, the

Data_MCeise from the SHERPA 2.2.1 and
MCw 4jets

2.2.11 W+jets distribution of p;[”bg. As expected, the SHERPA 2.2.1 and 2.2.11 W+jets
background modelling improves significantly for mffjjﬁj{ when the W4jets events are

weighted with the ratio Dﬁ%_wil\fcjse from the W+jets distribution of pif =% The under-
jets

best improvement follows from the applied weight

estimation of data is smaller for the region around the peak. The same can be observed

iﬂﬁg > 2000 GeV where the modelling in the W+jets CRs exhibits a
H—bb

general better agreement with data: Using pp as a weight for the MC simulation, the

for the region m

overestimation of background is still present but the simulation is significantly closer to

the data points. The weights coming from the other variables that improves the SHERPA

2.2.1 and 2.2.11 W+jets background of miﬂﬁg are also shown.

2] —
< 1200 — . data minus other
& - + background processes
G 1000 - i,k W+jets unweighted
= — S -
}E;’ - ++4¢ W-+jets weighted with p:W'bb
z - ++ W-+jets weighted with m ™
800— + + Sherpa2.2.1
- W+jets CR1
” + )
600 —
C : 3 X?/NDF (unweighted) =6.1 _
- + + X2INDF (weighted with p"~"°) = 3.4
400 — -~ T Ty
: e X2/NDF (weighted with m ™) =5.1
200 _— ﬁ*
- + -
- - >~
- .
- -
Of— oo b ~
o I 1 1 Ll [ 1 1 1
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L9 e e g gk IO SO L . o411
5 F hé L‘$‘1*4¥‘£¢+ + T
o A & TG YA, # ......... ) BEIE TNANEAN
: . . ; : # : L r...:..#. ...... .:.....JL. oy
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Figure 5.8.: The nominal and reweighted mffjjﬁe’f histogram in the W4jets CR1

3 D 7Mce se b W a : 3
(SHERPA 2.2.1). The ratio KFTﬂeci from pH=% and myia distribu-
tions is used as the weight for the W+jets background simulation.
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5. Modelling in the W +jets Control Regions

0 (—
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Figure 5.9.: The nominal and reweighted miﬂgg histogram in the W+jets CR2

(SHERPA 2.2.11). The ratio %ﬁﬁzm from pf=t and m¥Wead distribu-
tions is used as the weight for the W+jets background simulation.

40



6. Modelling in the Validation

Regions

In Chapter [5, W+jets background in both W+jets CRs using the SHERPA versions 2.2.1
and 2.2.11 has been investigated. Reweighting the W +jets events marginally improved
the W+jets modelling. Here, the reweighting is investigated in the VR. The weights
obtained in the W+jets CR1 and W+jets CR2 for SHERPA 2.2.1 and SHERPA 2.2.11
W +jets samples, respectively, are used because these regions have the largest W +jets
contribution.

ffjﬁj{ distribution in the VR and VRgpec (both introduced in
Section as it is the most important variable in this analysis. Here, it is important

to mention, that the SHERPA 2.2.11 background modelling is not considered due to the

The focus is placed on m

small number of events passing the VR SH and especially H H selection for the previously
investigated main variables (AR(Whad, £), Ems mE oW lepton pr and m2d/ HH) Thus,

vis+met
SHERPA 2.2.11 is only considered for VRgpec.

6.1. Distribution of mfﬂﬁf in the VR

The background modelling for mffjﬁjf in the VR is shown in the Figures and . It
is distinguished between the SH and HH selection. As a reminder, the VR cuts are:

o 1 b-tagged TAR jet in the event,

« H — bb candidate is single b-tagged and

o H — bb candidate fails the 80 % my mass window,

e SH selection: H — bb candidate passes 80 % Cy window and

e HH selection: event candidate passes the SH selection criteria and passes 80 %
AR(Whaa, £) window.
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6. Modelling in the Validation Regions

Compared to the background modelling in the W+jets CR1 and W+jets CR2 in the
Figures and , the first thing to mention are the larger statistical uncertain-
ties in the VR. This is the result of less events selected in the VR. For SHERPA 2.2.11
W+jets, the window cut on H — bb C, has been rederived and removes a large amount
of background compared to the previous definition. Due to the extra cut for the HH
selection in the VR, even less events are saved than for the SH selection which results
in even larger statistical uncertainties. Secondly, for all the five previously investigated
variables, the other background processes have a much larger contribution in the VR than
in the W+jets CRs, such that for SHERPA 2.2.11 W +jets, it is not the leading background

process.
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6.1. Distribution of m>2/"H in the VR

vis+met

SH Selection

The background modelling for mffjﬁ;’ in the VR (SH selection) is shown in Figure .

Similar to the modelling in the W+jets CR1 and W +jets CR2, the background (SHERPA
2.2.1 in Figure tends to underestimate the data around the peak (900 GeV to
2100 GeV) of the distribution.

The x?/NDF value (Equation has been calculated here as well in order to compare
W +jets distribution and data. For SHERPA 2.2.1, the x?/NDF value regarding miﬂﬁg

amounts to
XQ/NDF =3.9. (6.1)

With a value of x?/NDF= 6.1 for the SHERPA 2.2.1 W+jets background in the W+jets
CR1 for mSfHH the improvement in the VR (SH selection) using SHERPA 2.2.1 for the

vis+met »

W +jets background is significantly better.

J%) -
é 250— W+jets
E - + diBoson
o -
@ L non-prompt
o
g 200— singleTop
p=} -
z - + ttbar
r Z+jets
150— + —e— data
: Sherpa2.2.1
o + + + VR (SH)
100—
sol t +
N + ++ bt
ol LB i ¥ ¥ aceial lasaioiar L1y
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Micimet [G€V]

Figure 6.1.: The stacked histogram of mffjjﬁg in the VR (S H selection, SHERPA 2.2.1).
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6. Modelling in the Validation Regions

HH Selection

The background modelling for miﬂﬁg in the VR (HH selection) is shown in Figure

.The background modelling for mflﬂgg (SHERPA 2.2.1) exhibits a better agreement
with data for the H H selection compared to the modelling for the SH selection.

This is confirmed by the x?/NDF value between MC predicted W+jets distribution
and data for SHERPA 2.2.1:

X?/NDF = 3.7. (6.2)

Similar to the x? value of 3.9 for the SHERPA W +jets background in the VR (SH selec-
tion), the x? value for the SHERPA 2.2.1 W+jets background in the VR (HH selection)
is much smaller than x? = 6.1 for the SHERPA 2.2.1 W+jets background in the W+jets

CR1 for mSH/HH

vis+met -

90

W+jets
30 diBoson
non-prompt
singleTop

+ tthar
Z+jets
—e— data

Sherpa2.2.1

ﬁ m o
+ t

70
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0|||||¢r0||||||||||||||||||M|‘|ﬁ+!x|x|||||||r6||||||||
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Miissmet [GEV]
SH/HH

Figure 6.2.: The stacked histograms of m in the VR (HH selection, SHERPA

2.2.1).

vis+met

6.2. Reweighting the Background in the VR

The weights P2ta=MCese that are applied to the SHERPA 2.2.1 W+jets background in the

MCW+jets

VR (SH and HH selection) have been derived in the W+jets CR1. The focus will be on

the more promising variables in the VR to reweight the SHERPA 2.2.1 W +jets distribution
SH/HH i 5 SH/HH 5
of myiiet: ARWaaa, 0), EF™, milai?, lepton pr, m3Z/ L, pif ", myg! and py.

For the x?/NDF values in Table for miﬂgg , the SHERPA 2.2.1 W+jets modelling

Data_MCeise ghtained from the mff;/ﬁj{ distribution in the W+jets

improves if the weight MGy
jets
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6.2. Reweighting the Background in the VR

CRI1 (SHERPA 2.2.1) is applied for both the SH and H H selection. The improvements are
highlighted in light blue. To compare the unweighted and weighted W +jets distributions,

they have been put together in Figure [6.3] and These plots visualize the improvement

SH/HH
vis+met

of the W+jets background modelling for m after weighting the W+jets events. In

both cases, the improvement of the underestimation of data around the peaks is clearly

SH/HH

visible. The overestimation of data for higher m i { et

values is slightly improved but the

disagreement between W +jets distribution and data is still present.

Reweighting based on the W+jets distribution of p?‘”’g also improves the W-+jets

SH/HH
vis+met

Table and is shown in Figure . The weights coming from the W+jets distribution

of pH=% does not improve the modelling in the VR (HH selection) significantly for

SH/HH
vis+met *

agreement in the VR (SH selection) for m significantly (highlighted in violet in

The x?/NDF value only improves from 3.7 to 3.5.

fﬂﬁj{ with the W+jets events weighted with other

variables is explicitly shown in Section [B.1]

The background modelling of m

x2/NDF
VR | SHERPA 2.2.1 ff;ﬁ;{
S H selection | HH selection
unweighted 3.9 3.7
weighted with

AR(Whaa, ¢) 3.9 3.6
Emiss 3.8 3.6
mH b 3.9 3.6
lepton pr 3.8 3.8
Sy 31 28
pH—w 3.4 3.5
M 3.8 3.6
pihad 3.9 3.7

Table 6.1.: The x?/NDF values for the nominal and weighted SHERPA 2.2.1 W+jets

background in the VR (SH and HH selection) for mfﬂﬁj . The numbers
highlighted show the largest improvements.
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6. Modelling in the Validation Regions
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Figure 6.3.: The unweighted and weighted SHERPA 2.2.1 W+jets distribution for
mSHHH 3 the VR (SH selection).
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Figure 6.4.: The unweighted and weighted SHERPA 2.2.1 W-+jets distribution for
mSHHH i the VR (HH selection).
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6.3. VRupec

6.3. VRypec

In Section 4.4.4] the special VR denoted as VRgpec Was introduced to reduce statistical
fluctuations especially after rederiving the H — bb C window cut, and thus obtain a

better handle on the modelling. There is no distinction between SH and H H selection in

SH/HH

vistmet Using both SHERPA versions is shown

this case. The distribution in VRg,e. for m
in Figure [6.5] The underestimation around the peak is clearly observable in both plots.
In contrast to the background modelling in the W+jets CRs, the tail of the distribution

is underestimated in the VRgpec.

j2] 12 =
E = W+jets § 700 ; W+jets
""o;' 600[— + diBoson ,"'o;' 600 i diBoson
E C non-prompt g C non-prompt
£ ; + singleTop £ C + singleTop
E 500 E o +
z C + ttbar Z 500— + ttbar
r + Z+jets C Ztjets
400— -
- —e—data —e— data
- 400 +
= + Sherpa2.2.1 C + Sherpa2.2.11
300[— VRopec E VRopec
- N + " 300~ + ’
C + c y +
200(— + 200~ +
C + = I+
o + + E +
100{— + 100 +,
C -+ **H’ C - *oﬂ
Py LS L T e lasoioiar Lt o1 Lot i B 12,5 0 o 0.0l sl ottt
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et [GEV] My [GeV]
(a) SHERPA 2.2.1. (b) SHERPA 2.2.11.

Figure 6.5.: Comparison between expected backgrounds (filled histograms) and data
(black points) for mSHHE 5 the VRgpec-

vis+met

The x?/NDF values for the unweighted and weighted comparisons between W+jets

simulated with SHERPA 2.2.1 and SHERPA 2.2.11 and data are listed in Table [6.21 The

SHERPA 2.2.1 W+jets modelling in the VRgpe. for miﬂﬂg improves with the weights

taken from mfﬂﬁg, =% and AR(Wiad, £) in the Wjets CR1. For the SHERPA 2.2.11

H—bb Whad improve the modelling slightly. All

W +jets modelling, the weights from pp and py
improvements are coloured in Table [6.2] and Figure [6.6] and [6.7 show the unweighted and

weighted SHERPA 2.2.1 and SHERPA 2.2.11 W+jets distribution and data in the VRgpec

for mfﬂﬂj{ . Even though the x?/NDF values improve for the previously mentioned
variables whose W -+jets ratio %Z’Tl\fctle have been applied to the SHERPA 2.2.1 and
jets

SH/HH

vistmet » the underestimation of data for the tail of the

2.2.11 W+jets distribution of m
W +jets distribution and especially around the peak is still present.
The corresponding stacked histograms with the weighted W +jets background is shown

in Section [B.2l
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6. Modelling in the Validation Regions

VRspec | SHERPA 2.2.1 Xzég?; VRspec | SHERPA 2.2.11 XzéHN/,]?If‘
vis+met vis+met
unweighted 4.+7 unweighted 4.5
weighted with weighted with
AR(Whaa, 0) 4.3 AR(Whaa, 0) 4.9
Ess 4.5 ERss 4.8
mi b 4.8 mi b 4.8
lepton pr 4.6 lepton pr 4.9
visdmet 3.8 Vie tmet 4.9
pH— 41 pH-w 4.6
m&‘ﬁd 4.5 m\g{‘ﬁd 4.9
prIVE/had 4.8 quYhad 4.5

(a)

(b)

Table 6.2.: The x*/NDF values for the nominal and weighted (a) SHERPA 2.2.1 and (b)

SHERPA 2.2.11 W+jets background in the VRgpec for mffjﬁj .
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Figure 6.6.: The unweighted and weighted SHERPA 2.2.1 W-+jets distribution for
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6.3. VRupec
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Figure 6.7.: The unweighted and weighted SHERPA 2.2.11 W+jets distribution for
SH/HH .
m in the VRgpec-

vis+met

Ultimately, the SHERPA 2.2.1 and SHERPA 2.2.11 W+jets background modelling for

SH/HH 4 416 VR and VRgpec agrees better with data than in the W+jets CRs. After

vis+met
reweighting the W+jets events, the W +jets distribution for miﬂgg improves slightly,

Data—MCqjge

MCoy o) derived from the pX—% distribution in the respective

especially with the weights
W+jets CR.
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7. Conclusion and Outlook

In this thesis, the W+jets background modelling in the W+jets CRs and VR for five
different variables was investigated. For the W+jets background, the sample simulated

by SHERPA 2.2.1 was used and later upgraded to the SHERPA 2.2.11 sample.

Firstly, it can be said that in the W+jets CR the SHERPA 2.2.11 W +jets events yield

a better agreement with data than the W-+jets background from SHERPA 2.2.1. The

SH/HH

x?/NDF values between data and the W+jets events are smaller, especially for myi{ o

where the W+jets background underestimates and overestimates the data in the peak

SH/HH

vistmet 111 the entire analysis,

and in the tail, respectively. Due to the importance of m
an improvement of the W+jets modelling in this variable is favourable. By reweighting
the W+jets events in the Wjets CR with the weight 228=MCase ghtained from the

MCW+jcts

pqlf_)bg distribution, the modelling improves significantly for both SHERPA samples due

to the non-vanishing correlation between mffjjﬁj{ and pjlf_’bg. In addition, the applied

]ﬁé_wil\ﬁz“ from the myyat distribution (SHERPA 2.2.1) and py " (SHERPA 2.2.11)
reduces the overestimation and underestimation of data as well, but not as much as the
weights derived from pi~%. Using the ratio ]ﬁ%_wil\fflse
AR(Whad, ), Ex5 mE lepton pp, H — bb Cy and m?/le", as a weighting factor, the
SH/HH
vis+met

weight

from other variables, such as

W +jets modelling for m does not improve.

SH/HH
vis+met *
predicted W+jets background and data is clearly visible. The modelling of the W+jets
Data—MCqjge

Similar observations can be made in the VR for m A disagreement between the

background improves using the new SHERPA sample. Applying the weight

MCW-&-,jets
ffjj{jﬁ in the W+jets CR yields the best improvement.

This is valid for both SH and HH selections. Similar to the W+jets CRs, the weight

coming from the W-jets distribution of pZ=* improves the modelling in the VR but only

that has been obtained from m

slightly. The same is true for the SHERPA 2.2.1 and SHERPA 2.2.11 W+jets distributions

SH/HH .
of Myiglmer 10 the VRgpec.

SH/HH . I
vistmet 1IPTOVES the

SH/HH
vis+met

Therefore, reweighting the W+jets events in the distribution of m

W +jets modelling. The weights from variables that are correlated to m improves

o1



7. Conclusion and Outlook

SH/HH
vis+met

the W+jets background modelling of m in the W +jets CR and in the VR and there-

fore, should be considered to minimise the disagreement between data and MC simulated
W +jets events.

For further steps in the analysis, SHERPA 2.2.11 should be used for the W-+jets back-
ground modelling due to the better agreement between data and MC simulated W+jets

background. It might also improve the background modelling in the CRs of the other two

Data—MCgjse f
i~ Irom
MCW+jets

other, in this thesis not evaluated variables should be considered to improve the W +jets
SHJHIT = A yotter

vis+met *

background modelling and thus, a better understanding of the background would help

background processes, tt and especially QCD. Furthermore, the weight
background modelling in the distributions of variables and especially m.

in the search of non-resonant Higgs pair production and would strengthen the analysis

sensitivity to corresponding scenarios beyond the SM.
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A. W+jets CRs

A. W+jets CRs

A.1. Correlation Plots in the W +4jets CRs
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Figure A.1.: The correlation plots with the correlation factors between different vari-
ables in the W+jets CR1 (left plots) and W+jets CR2 (right plots).
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A.2. Weighted W +jets Events in the W 4jets CRs
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Figure A.5.: The histograms with the stacked background processes for AR(Whaq, £) in
the W-jets CR1 (left plots) and W+jets CR2 (right plots).
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Figure A.6.: The histograms with the stacked background processes for AR(Wjaq, £) in
the W-jets CR1 (left plots) and W+jets CR2 (right plots).

59



A. W+jets CRs

60



A.2.2. puis

A.2. Weighted W +jets Events in the W +jets CRs

£ 800~
§ E + + Wjets weighted with AR(W, _ lep)
w £ ++ diBoson
S 700— ++ non-prompt
é E + singleTop
5 600~ + ttbar
E + Zijets
500 —e— data
E Sherpa2.2.1
g iy P
400 4 b
E +.
300(— gL
= + N
E gy
200~ +
E +++
E e
100 — EI
E o,
7 Ve e
i O PR S VRPN B M
0 50 100 150 200 250 300 350 400 450 500
EP™ [GeV]

(a) Weighted with AR(Whad, ¢) (SHERPA 2.2.1) (b) Weighted with AR(Whaq,¢)

g soof~ Weet: hted with E™**
5 F jets weighted with £
@ b as
5 700F- + iBoson
5 E ++ non-prompt
£ C singleTop
g aonf+ +
z E + ttbar
C Z+jets
500 E + —e— data
E Sherpa2.2.1
400+ ++++ Wriets CR1
= ++
300 +
E +y
200 — +
£ 444
E R
100{— RaJt I
i ERas TN
N N i i S S S VRO M M|
50 100 150 200 250 300 350 400 450 500

(c) Weighted with EJS (SHERPA 2.2.1)

®
£ 800~ 5
§ E + + WHjets weighted with my:"
w 2001 ++ diBoson
5 E ++ non-prompt
3 =
€ aool* + singleTop
H E ttbar
E + Z+jets
500 E —e— data
g Ty
a0 4 T s o1
a00f- +#
= + N
= +hy
200{— +
E +++
E e
100 — EI
E RagRd
2 Ve e
i O PR S S SRR B M
0 50 100 150 200 250 300 350 400 450 500
EP™ [GeV]

~
o
N—

Weighted with m%ﬁéj’g

(SHERPA 2.2.1)

£ 8o~
§ E + + Wijets weighted with lepton p.
a = ++ diBoson
5 700 + non-prompt
é E + singleTop
5 eo0f- + ubar
E + Ztjets
500 — —e— data
£ Sherpa22.1
E ++ Wrjets CR1.
4004 +
E I
E ++
300~ +
E +y
200 +
= +H+ -
E .
100 ST
B <7 ‘*%* -
et S I o 00
0 50 100 150 200 250 300 350 400 450 500
5 (Gev)

(g) Weighted with lepton pr (SHERPA 2.2.1)

PR
g E Wiets weighted with AR(W. _lep)
2 -
4 900~ + ++ diBoson
S ol non-prompt
g s + singleTop
2 wo}+ + uoar
E + Ztjets
s00E- e data
E Sherpa 2211
s00f- + 4 Wiriets CR2
+
E+ +
400~ + +
SOOi it
E e
200 ety +
E +
1005 "," .
E N RN T
e M B o 1)
0 50 100 150 200 250 300 350 400 450 500
EP™ [GeV]

2.2.11)

g E W-jets weighted with E]'**
D 9001 t +# diBoson
5 E
s soE 4 non-prompt
£ E + ++ singleTop
2 700 + tibar
E + Zijets
500; —e— data
500 E *+ Sherpa2.2.11
E4 + + Wejets CR2
400— +
E ++
300/ ity
= +
200 “t .
E -+
1005 e . o
E A e
i O A B PRI Mo M
50 100 150 200 250 300 350 400 450 _ 500
ET™ [GeV]

(d) Weighted with EXsS (SHERPA 2.2.11)

2 E
H E Wejets weighted with m"~"%
E T
“:J 900 =~ + ++ diBoson
5 E
S aoob -prompt
ol by non-promp
S Ey singleTop
2 700 + ttbar
E + Ztjets
600
E —e— data
s00f- ++ Sherpa 2211
E+ t Wijets CR2
400f— + 4
300; *++ Y
200 e,
E +
100E- »‘,*" .
£ pes
e B B i i
0 50 100 150 200 250 300 350 400 450 500
EP™ [GeV]
: : H—bb
(f) Weighted with mp g (SHERPA 2.2.11)
PR
§. E Wjets weighted with lepton p_
g soo— 1 " diBoson
° = + non-prompt
é 800;+ ++ singleTop
3 = ttbar
2 roo- A 21jts
600 T daa
E + Sherpa22.11
soof . Wiiets CR2
Et +
400 +
300 i,
200/ ety L
E +
1005 R T IN
E A e
i Y R Al IV PR D/ b |
0 50 100 150 200 250 300 350 400 450 500
5% ev]

(SHERPA

(h) Weighted with lepton pr (SHERPA 2.2.11)

Figure A.7.: The histograms with the stacked background processes for EF in the
W+jets CR1 (left plots) and W+jets CR2 (right plots).
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Figure A.8.: The histograms with the stacked background processes for EX in the
W+jets CR1 (left plots) and W+jets CR2 (right plots).
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Figure A.9.: The histograms with the stacked background processes for m%ﬁ{’g in the
W+jets CR1 (left plots) and W+jets CR2 (right plots).
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Figure A.10.: The histograms with the stacked background processes for m%ﬁ’{’g in the
W+jets CR1 (left plots) and W+jets CR2 (right plots).
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Figure A.11.: The histograms with the stacked background processes for lepton pr in
the W+jets CR1 (left plots) and W+jets CR2 (right plots).
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A.2. Weighted W +jets Events in the W +jets CRs
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Here, “Weighted with [variable]” means that the W +jets events are weighted wit
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